Sphingosine-1-phosphate (S1P) is a bioactive lipid that regulates myriad important cellular processes, including growth, survival, cytoskeleton rearrangements, motility, and immunity. Here we report that treatment of Jurkat and U937 leukemia cells with the pan-sphingosine kinase (SphK) inhibitor N,N-dimethylsphingosine to block S1P formation surprisingly caused a large increase in expression of SphK1 concomitant with induction of apoptosis. Another SphK inhibitor, D,L-threo-dihydrosphingosine, also induced apoptosis and produced dramatic increases in SphK1 expression. However, up-regulation of SphK1 was not a specific effect of its inhibition but rather was a consequence of apoptotic stress. The chemotherapeutic drug doxorubicin, a potent inducer of apoptosis in these cells, also stimulated SphK1 expression and activity and promoted S1P secretion. The caspase inhibitor ZVAD reduced not only doxorubicin-induced lethality but also the increased expression of SphK1 and secretion of S1P. Apoptotic cells secrete chemotactic factors to attract phagocytic cells, and we found that S1P potently stimulated chemotaxis of monocytic THP-1 and U937 cells and primary monocytes and macrophages. Collectively, our data suggest that apoptotic cells may upregulate SphK1 to produce and secrete S1P that serves as a "come-and-get-me" signal for scavenger cells to engulf them in order to prevent necrosis.-Gude, D. R., Alvarez, S. E., Paugh, S. W., Mitra, P., Yu, J., Griffiths, R., Barbour, S. E., Milstien, S., Spiegel, S. Apoptosis induces expression of sphingosine kinase 1 to release sphingosine-1-phosphate as a "come-and-getme" signal. The sphingolipid metabolites ceramide, sphingosine, and sphingosine-1-phosphate (S1P) are now emerging as critical regulators of cell fate (1, 2). Whereas S1P stimulates growth and survival, its precursors, ceramide and sphingosine, are usually proapoptotic, and thus the dynamic balance between these metabolites has been referred to as a "sphingolipid rheostat" that controls cell fate (3). The enzyme that converts sphingosine to S1P, sphingosine kinase (SphK), is a critical regulator of the set point of this rheostat. There are two mammalian SphK isoenzymes, SphK1 and SphK2, which are ubiquitously expressed. Much evidence has linked SphK1 to growth and survival (reviewed in refs. 4 -6). SphK1 is upregulated in many solid tumors (7), and the common genetic aberration bcr/abl in leukemia has been shown to increase SphK1 expression (8). Moreover, overexpression of SphK1 correlates with chemoresistance and radioresistance of leukemia cells, whereas its down-regulation or inhibition enhances drug-induced lethality (9, 10). Much less is known of the functions of SphK2, although this isoenzyme phosphorylates the prodrug FTY720 (11-13), producing an agonist of S1P receptors on lymphocytes that reduces their egress from lymphoid tissues resulting in lymphopenia (14). Moreover, FTY720 produces long-term protection in lymphoproliferative and autoimmune disease models, which also requires its phosphorylation by SphK2, presumably by inducing apoptosis in subsets of cells essential for pathogenesis (15, 16) .
The sphingolipid metabolites ceramide, sphingosine, and sphingosine-1-phosphate (S1P) are now emerging as critical regulators of cell fate (1, 2) . Whereas S1P stimulates growth and survival, its precursors, ceramide and sphingosine, are usually proapoptotic, and thus the dynamic balance between these metabolites has been referred to as a "sphingolipid rheostat" that controls cell fate (3) . The enzyme that converts sphingosine to S1P, sphingosine kinase (SphK), is a critical regulator of the set point of this rheostat. There are two mammalian SphK isoenzymes, SphK1 and SphK2, which are ubiquitously expressed. Much evidence has linked SphK1 to growth and survival (reviewed in refs. 4 -6) . SphK1 is upregulated in many solid tumors (7) , and the common genetic aberration bcr/abl in leukemia has been shown to increase SphK1 expression (8) . Moreover, overexpression of SphK1 correlates with chemoresistance and radioresistance of leukemia cells, whereas its down-regulation or inhibition enhances drug-induced lethality (9, 10) . Much less is known of the functions of SphK2, although this isoenzyme phosphorylates the prodrug FTY720 (11) (12) (13) , producing an agonist of S1P receptors on lymphocytes that reduces their egress from lymphoid tissues resulting in lymphopenia (14) . Moreover, FTY720 produces long-term protection in lymphoproliferative and autoimmune disease models, which also requires its phosphorylation by SphK2, presumably by inducing apoptosis in subsets of cells essential for pathogenesis (15, 16) .
N,N-Dimethylsphingosine (DMS), an inhibitor of both SphK1 and SphK2 (17) , has been shown to block SphK activity in numerous cell types and induce apoptosis (5). Here we demonstrate that treatment of leukemia cells with DMS not only induces apoptosis but, surprisingly, rather than simply inhibiting SphK1 and SphK2, dramatically up-regulates SphK1 protein expression. Moreover, another apoptotic stimulus, the anticancer drug doxorubicin, commonly used for treatment of leukemia, also markedly increased SphK1 protein expression and activity. This up-regulation resulted in increased secretion of S1P, which in turn is a 1 These authors contributed equally to this work. 2 potent chemoattractant of monocytes and macrophages. Efficient elimination of cells undergoing apoptosis is crucial for normal tissue homeostasis and for prevention of immune responses. Although much progress has been made in identifying signals generated by apoptotic cells and the mechanisms by which phagocytes recognize and respond to these signals to orchestrate the selective and rapid removal of apoptotic cells (18 -21) , little is known of the long-range signals that recruit these cells to the neighborhood of the dying cells. The data presented here suggest that S1P is one of the soluble "come-and-get-me" signals secreted by apoptotic cells to attract phagocytes to come and eat them.
MATERIALS AND METHODS
Reagents S1P, DMS, d,l-threo-dihydro-sphingosine (DHS), and antipoly ADP-ribose polymerase (PARP) antibody were from Biomol International (Plymouth Meeting, PA, USA). Nu-PAGE Novex 10% Bis-Tris gels were from Invitrogen (Carlsbad, CA, USA). [␥-
32 P]ATP (3000 Ci/mmol) was purchased from Perkin Elmer (Waltham, MA, USA). Z-VAD-FMK (ZVAD) was from EMD Biosciences (San Diego, CA, USA). Fluoroscein isothiocyanate (FITC) -labeled annexin V/propidium iodide (PI) staining kit for apoptosis was from BD Biosciences (San Jose, CA, USA). Rabbit polyclonal antibodies raised against a unique SphK1 peptide sequence (EPPPSWKPQQMPPPEEPL) were described previously (22) . Antiserum was purified on a protein A column followed by affinity purification, and its specificity was demonstrated by absorption with the immunogenic peptide, by overexpression, by small interfering RNA (siRNA) down-regulation, and by immunprecipitation (22) . The following antibodies were used for immunoblotting: phospho-p44/42 mitogen activated protein (MAP) kinase (Thr202/Tyr204), phospho-p38 MAP kinase (Thr180/Tyr182), and phospho-cJun N-terminal kinase (JNK) (Thr183/Tyr185) (Cell Signaling, Danvers, MA, USA).
Cell culture
Jurkat and U937 human leukemia cells were cultured and maintained in logarithmic growth phase in RPMI 1640 medium, supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS, CellGro, Herndon, VA, USA), 200 U/ml penicillin, 200 g/ml streptomycin, sodium pyruvate, and l-glutamine (Invitrogen). Acute monocytic leukemia THP-1 cells (TIB-20; American Type Culture Collection, Herndon, VA, USA) were grown in RPMI containing 10% FBS.
Buffy coat preparations were obtained from Virginia Blood Services (Richmond, VA, USA). Thirty milliliters of heparinized human peripheral blood was added to 20 ml of RPMI. Twenty-five milliliters ml of the suspension was layered over 20 ml of lymphocyte separation media (ICN Pharmaceuticals, Costa Mesa, CA, USA) and centrifuged at 400 g for 30 min. Peripheral blood leukocytes (PBLs) were then collected from the interface and washed extensively with RPMI. To obtain adherent monocytes, PBLs (10 7 /well) were cultured on plastic 6-well plates for 1 h in RPMI containing 10% fetal calf serum (FCS) and then washed extensively to remove nonadherent cells. Adherent monocytes were cultured for 7 days in RPMI containing 10% human AB serum, 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM glutamine, and 1000 U/ml of recombinant human macrophage colony stimulating factor (M-CSF; R&D Systems, Minneapolis, MN, USA) to induce differentiation to macrophages.
Western blotting
Cell suspensions were treated as indicated in figure legends and then centrifuged at 400 g for 8 min. Supernatants were discarded, and cell pellets were washed in PBS and centrifuged again. The resulting cell pellets were lysed in 20 mM Tris-HCl pH 7.4 buffer containing 1 mM EDTA, 0.5 mM 4-deoxypyridoxine, 15 mM NaF, 1 mM 2-mercaptoethanol, 1 mM Na 3 VO 4 , 40 mM ␤-glycerophosphate, 10% glycerol, 1% Triton X-100, and protease inhibitors. Following incubation on ice for 60 min, cell lysates were probe sonicated. Protein concentrations were determined by Coomassie dye binding (Bio-Rad, Hercules, CA, USA). Equal amounts of proteins were separated by 10% SDS-PAGE and then transferred to nitrocellulose. Blots were incubated with primary antibodies (1:1000) overnight in Tris-buffered saline containing 5% nonfat dry milk and 0.1% Tween 20 followed by anti-rabbit horseradish peroxidase-conjugated immunoglobulin G (IgG; 1:10,000, Jackson ImmunoResearch Laboratories, West Grove, PA, USA). Immunocomplexes were visualized by enhanced chemiluminescence (Pierce Chemical Co., Rockford, IL, USA).
SphK assay
SphK activity was measured in cell lysates in the presence of 5 M sphingosine essentially as described (23) .
S1P secretion
S1P secretion was measured as described previously (24) . Briefly, cells were incubated with [ 3 H]sphingosine (1.5 M, 0.45 Ci) for 10 min. The medium was then removed, cells were washed with cold PBS, and fresh medium was added for the indicated time periods. Alkaline chloroform-methanol extraction was used to extract S1P from the medium and cells (24) . In this differential extraction procedure, S1P partitions into the aqueous phase at alkaline pH with high recovery, while sphingosine, as well as ceramide and other sphingolipids, remain in the organic phase. Thin-layer chromatographic analysis of the lipids extracted from the media confirmed that the aqueous phase contained a single major radiolabeled product, [ 3 H]S1P (25) . Data are expressed as picomoles S1P released per million cells.
Cell migration
THP-1 cell migration was measured in transwell assays in 24-well plates with polycarbonate filters (8 m pores; Corning, Lowell, MA, USA). Briefly, cells (10 6 cells/ml) were added to the upper chamber of each well and incubated at 37°C for 30 min. Chemoattractants were added to the bottom well, and the cells were allowed to migrate for 16 h. The numbers of cells migrating to the bottom well were determined with a Coulter counter model Z1 (Beckman Coulter, Fullerton, CA, USA).
Migration of primary monocytes and macrophages was determined in a modified Boyden chamber using polycarbonate filters (5 m pores; Poretics, Livermore, CA, USA). Briefly, cells (5ϫ10 4 cells/well) were added to the upper compartment, while the lower chamber contained either serum-free medium or chemoattractants as indicated. Cells were permitted to migrate for 3 h, after which the nonmigrating cells on the top of the filter were removed mechanically. The migrated cells on the bottom of the filter were then fixed, stained with Diff-Quick, and counted using an ϫ10 objective.
Annexin V/PI assays for apoptosis
Cells were stained with annexin V-FITC and PI and then evaluated for apoptosis by flow cytometry according to the manufacturer's protocol (BD Biosciences). Briefly, 10 6 cells were washed twice with PBS and stained with 5 l of annexin V and 5 l of PI (50 g/ml) in buffer containing 10 mM HEPES (pH 7.4), 140 mM NaOH, and 2.5 mM CaCl 2 for 15 min at room temperature in the dark. Apoptotic cells were identified using a Coulter Epics-XL-MCL cytofluorometer with the EXPO32 Flow Cytometry analytic program (Beckman Coulter). Cells in the lower right quadrant correspond to early apoptotic cells (annexin V-positive), whereas those in the upper right quadrant correspond to late apoptotic cells (annexin V-and PI-positive).
RESULTS

SphK inhibitors induce apoptosis and up-regulate expression of SphK1 in Jurkat T lymphocytes and monocyte-like U937 cells
It was previously shown that apoptotic stimuli such as the DNA damaging agent actinomycin D and tumor necrosis factor alpha (TNF-␣) induce proteolysis of SphK1 in MOLT-4 leukemia cells and MCF-7 breast cancer cells, respectively (26, 27) . Surprisingly, treatment of Jurkat cells for 6 h with the potent SphK inhibitor DMS, which has previously been shown to induce activation of executioner caspase-3 in these cells as well as cleavage of PARP, hallmarks of apoptosis (28, 29) , dramatically increased rather than decreased levels of a protein with the same apparent MW as SphK1 that was detected by immunoblotting with anti-SphK1 antibody (Fig. 1A) . Because endogenous levels of SphK1 are very low and barely detectable in Jurkat cells, lysates from M2 melanoma cells, which express high levels of Blots were probed with anti-PARP antibody as a marker of apoptosis (A); arrows indicate p116 full-length PARP and its p89 fragment; lysates (20 g) from M2 melanoma cells transfected with scrambled siRNA or siRNA targeted to SphK1 were included as controls to indicate the molecular weight of SphK1. Cell lysates were also immunoblotted with pJNK and pp38 antibodies (D). E-G) Jurkat T cells were treated with vehicle or the indicated concentrations of DMS for 6 h, then stained with annexin V/PI, and apoptosis was determined by flow cytometry, as described in Materials and Methods. The percentages in the bottom right quadrants (E) correspond to early apoptotic cells (annexin V-positive), whereas percentages in the top right quadrants correspond to late apoptotic cells (annexin V-and PI-positive). Apoptotic cells are annexin V-positive (F), whereas necrotic cells are PI-positive only (G). Similar results were obtained in four independent experiments. *P Ͻ 0.01. SphK1, transfected with control siRNA or siRNA targeting SphK1, which reduced SphK1 protein by more than 80%, were included to demonstrate the specificity of the anti-SphK1 antibody (Fig. 1A) . SphK1 expression was clearly evident as early as 4 h after treatment (Fig.  1B) ; it was detected with a concentration of DMS as low as 7.5 M and increased dramatically with higher concentrations (Fig. 1C) . In contrast, no increase in expression of SphK2 was detected even after treatment with 15 M DMS. In agreement with previous studies (28, 29) , concentrations of DMS that greatly enhanced expression of SphK1 also induced apoptosis, as determined by PARP cleavage (Fig. 1A) ; increased externalization of phosphatidylserine, as determined by annexin V staining (Fig. 1E-G) ; and stimulated the stressactivated protein kinases JNK (p46 and p54) and p38 (Fig. 1D) .
It was important to examine whether DMS also increased SphK1 levels in other types of cells. To this end, U937 monocytic cells, which are sensitive to apoptosis induced by DMS (29, 30) , were utilized. As with Jurkat T cells, DMS also increased SphK1 levels in U937 cells ( Fig. 2A) and, in agreement with previous studies (29, 30) , induced apoptosis (Fig. 2B) . It should be noted that the extensive apoptosis induced by DMS also was accompanied by a reduction in levels of tubulin, a known caspase substrate whose cleavage has previously been implicated in apoptosis-associated events in mammalian and worm systems (31, 32) .
We next examined whether increased expression of SphK1 was also induced by another SphK inhibitor. DHS, a commonly used SphK inhibitor (3, 33) , also markedly increased levels of SphK1 (Fig. 3A) . To further confirm that the observed band was indeed SphK1, lysates from cells treated with DHS were immunoprecipitated with antibody directed against SphK1. Western blotting revealed a single band with the predicted molecular weight of SphK1 (Fig. 3B ). In contrast, SphK1 was absent when the same cell lysate was immunoprecipitated with nonspecific IgG. DHS also induced more than 80% apoptosis without significantly increasing necrotic cell death (Fig. 3C, D) . Annexin V/PI analysis can distinguish between early (annexin V-positive) and late (both annexin V-and PI-positive) apoptotic cells. As shown in Fig. 3E , F, after treatment with DHS, the majority of the cells were early apoptotic, and a very small percentage were necrotic (PI-positive only).
The chemotherapeutic drug doxorubicin stimulates SphK1 expression and promotes S1P secretion It was next important to determine whether enhanced expression of SphK1 was a specific response to SphK inhibitors or a consequence of apoptosis induced by these compounds. To this end, Jurkat T cells were treated with the chemotherapeutic drug doxorubicin, which is known to cause apoptosis of these cells (9, 34) . Doxorubicin induced a dose-dependent increase in SphK1 expression (Fig. 4A) . Similarly, SphK1 expression was increased in U937 cells after 24 h of exposure to doxorubicin, accompanied by a reduction in tubulin levels (Fig. 4B) . Moreover, in agreement with previous studies (9, 34) , treatment with 0.5 M doxorubicin for 24 h also induced significant cleavage of PARP (Fig.  4C) , an indicator of caspase activation associated with apoptosis. Over this same treatment period, SphK1 activity in doxorubicin-treated cells increased more than 3-fold (Fig. 4D) . Increased SphK1 activity was further supported by the observation that following 24 h doxorubicin treatment, secretion of S1P was increased more than 3-fold (Fig. 4E) . Because it has been suggested that SphK1 can be secreted from some types of cells (35) , including U937 cells (36), we examined the possibility that S1P might be produced extracellularly from SphK1 released from apoptotic or dead cells. However, although some SphK1 could be detected in the medium of Jurkat T cells, this level was not increased even after prolonged treatment with doxorubicin. Collectively, these data suggest that doxorubicin, which induces apoptosis of leukemia cells, enhances cellular levels of SphK1, which in turn increases production and secretion of S1P.
Inhibition of apoptosis diminishes induction of SphK1 and S1P secretion
To determine whether the increase of SphK1 induced by doxorubicin is a result of apoptosis, we used the caspase inhibitor ZVAD. As expected, pretreatment of Jurkat cells with ZVAD completely attenuated PARP cleavage (Fig. 5A) induced by doxorubicin and markedly reduced apoptosis by almost 50%, as determined by annexin V/PI staining (Fig. 5B) . Importantly, this caspase inhibitor also significantly diminished up-regulation of SphK1 expression in response to doxorubicin at both 24 and 48 h (Fig. 5A) . Moreover, S1P secretion induced by doxorubicin was also prevented by pretreatment with ZVAD (Fig. 5D) . Interestingly, induction of SphK1 or PARP cleavage is more sensitive to inhibition of caspases by ZVAD than apoptosis (compare Fig. 5A , B), suggesting that apoptosis induced by doxorubicin proceeds by both caspase-dependent and independent pathways. Taken together, these results indicate that apoptosis triggers the increase of SphK1 expression, which in turn is responsible for the generation of S1P and its secretion.
S1P released from apoptotic cells is a monocyte attraction factor
Efficient engulfment of apoptotic cells by monocytes and macrophages is crucial for normal tissue homeostasis and for regulation of immune responses. Long-range attraction signals from dying cells might be a prerequisite for their removal (20) . Indeed, it has been demonstrated that apoptotic cells secrete chemotactic factors, in a caspasedependent manner, to attract phagocytic cells (20, 37, 38) . Because previous studies suggest that apoptotic cells induce migration of monocytic cells and primary macrophages by release of lipid attraction signals (37), we wondered whether S1P might be one of these signals. To examine this possibility, we evaluated the migratory re- sponses of human monocytic cells to S1P. S1P was a very potent chemoattractant for U937 cells, a human lymphoma cell line displaying many monocytic characteristics (Fig. 6A) . A concentration of S1P as low as 10 nM significantly increased chemotaxis of U937 cells (Fig. 6A) as well as THP-1 human monocytic cells (Fig. 6B ). In agreement with other reports (22, 39 -41) , S1P-induced migratory responses were bell-shaped, and the cells were less responsive to higher concentrations of S1P. The optimal concentration of S1P stimulated migration of THP-1 cells to nearly the same extent as monocyte chemoattractant protein-1 (MCP-1/CCL2). Importantly, chemotaxis of primary human monocytes was also markedly enhanced by S1P (Fig. 6C) . A concentration of S1P as low as 1 nM induced chemotaxis, and maximal chemotactic activity was observed at 10 nM. Moreover, chemotaxis of primary macrophages was also maximally stimulated by 1 nM S1P (Fig. 6D) , which is within the same range as the association constants for binding to the S1P receptors (42) . Collectively, these results suggest that S1P, which can be secreted from dying cells, is a potent chemoattractant for phagocytic cells.
DISCUSSION
Ample evidence links expression of SphK1 and formation of S1P to cell growth and survival (4, 6, 43). Consistent with this evidence, a substantial decrease of SphK1 levels was detected during apoptosis of human T cell Molt-4 leukemia cells induced by the DNA-damaging agent actinomycin D (26) . Moreover, prolonged treatment of MCF-7 human breast cancer cells with TNF-␣ also induced a decrease in SphK1 protein, which was dependent on the lysosomal pathway of apoptosis and specifically on cathepsin B (27) . Unexpectedly, we observed that apoptotic stimuli, including the anticancer drug doxorubicin, markedly increased expression of SphK1, and formation of S1P and its secretion, in Jurkat T cells and U937 monocytic cells. In agreement, recent studies demonstrated that apoptotic Jurkat T cells or MCF-7 cells exposed to staurosporin released S1P, which was quantified by mass spectroscopy (44, 45) . Consistent with these studies, we found that blockage of the apoptotic process by a general caspase inhibitor prevented S1P secretion and suppressed the up-regulation of SphK1 by doxorubicin in Jurkat cells.
An important question raised by our study is that of the function of up-regulation of SphK1 and secretion of S1P from apoptotic cells. Efficient clearance of apoptotic cells by phagocytes, mainly macrophages, is essential for development, homeostasis, and response to injury and is crucial to prevent secondary necrosis and inflammation due to leakage of cytotoxic or antigenic cell . S1P is a potent chemoattractant for monocytic cell lines and primary monocytes. Vehicle or S1P was added at increasing concentrations (1, 10, 100, and 1000 nM; solid bars) directly to the lower chamber, and transmigration of U937 cells (A) and THP-1 monocytic cells (B) was determined as described in Materials and Methods. CCL2 (50 ng/ml; shaded bar) was used as a positive control. Primary monocytes (C) or macrophages (D) were allowed to migrate toward vehicle, increasing concentrations of S1P (1, 10, 100, and 1000 nM; solid bars), or 10% FCS (shaded bar) in modified Boyden chambers. Data are expressed as number of migrating cells per field and are means Ϯ sd of triplicate determinations. Similar results were obtained in two independent experiments. *P Ͻ 0.001.
contents. Although much has been learned of the recognition of "eat me" signals of apoptotic cells by macrophages and of the engulfment process, much less is known of the long range "come and get me" signals that attract macrophages to the vicinity of dying cells. However, "eat me" signals alone, such as phosphatidylserine exposed on the surfaces of dying cells, may not be sufficient for efficient clearance of apoptotic cells, because macrophages are not normally in the neighborhood of apoptotic cells (18, 20, 21) . Recently, it has been suggested that apoptotic cells secrete a soluble lipid factor in order to attract macrophages to begin the elimination process (37) . That study suggested that the most likely mediator was lysophosphatidylcholine, produced in apoptotic cells by caspase 3-mediated cleavage and activation of calcium-independent phospholipase A2. More recently, it was suggested that this attraction was mediated by the phagocyte receptor G2A (46) , whereas others have demonstrated that G2A is a proton-sensing GPCR (47) . However, it should be pointed out that only high concentrations of lysophosphatidylcholine (ca. 20 M) induced chemotaxis of THP-1 macrophages (37, 46) , and there is no indication that it is indeed secreted by apoptotic cells. In contrast, it is now clear that apoptotic cells secrete S1P (the present study and refs. 44, 45) , and, importantly, we have found that low-nanomolar concentrations of S1P are chemotactic for macrophage cell lines, including THP-1 cells, as well as primary human monocytes and macrophages. Moreover, S1P markedly induced macrophage cytoskeletal rearrangements, which are critical for forward cell movement (48) . It is also possible that S1P could facilitate migration in conjunction with other molecules derived from the apoptotic cells (e.g., lysophosphatidylcholine, interleukin-8, or MCP-1/CCL2) (37, 49) . Collectively, our study suggests that apoptotic Jurkat T and U937 cells increase SphK1 levels to produce and secrete S1P as a "come and get me" signal. In support of this notion, it has been demonstrated that S1P 1 receptor activation is important for macrophage homing and their accumulation in lymph nodes (50) . Of interest, genetic studies in Caenorhabditis elegans identified two evolutionarily conserved pathways that function upstream of the Rho family GTPase CED-10, a homologue of mammalian Rac1, a key regulator of the actin cytoskeleton during phagocytosis of apoptotic cells (reviewed in ref. 21 ). Thus, it is tempting to speculate that recruitment signal gradients sensed by G protein-coupled S1P 1 receptors known to be linked to activation of Rac (1, 51) might regulate phagocyte migration toward apoptotic cells.
In addition to its potent effects on migration of monocytic cells, S1P released from apoptotic cells might also have other functions. Cells might increase SphK1 and S1P, prosurvival mediators, in a desperate final attempt to prevent cell death but be incapable of overcoming the much stronger push toward death. It is tempting to speculate that there is a point of no return, past which the cell cannot escape death by accumulating S1P and instead exports it. Here we suggest that the function of this S1P is to attract phagocytic cells (monocytes and macrophages) for cell debris clearance, but other roles are also possible. In this regard, S1P present in apoptotic cell-conditioned medium promoted macrophage survival, thus protecting these cells in their apoptotic neighborhood (44) . This proposed function of S1P induction as a means of apoptosis escape is supported by recent findings that low doses of DMS in vivo actually increase SphK activity in mouse heart tissue, and in fact lead to overall cardioprotection (52) . Of note, although DMS inhibits rat heart SphK1, it stimulates SphK2 (53) . In this regard, SphK2 has been shown to be the isozyme form that is responsible for release of S1P from apoptotic Jurkat cells treated with staurosporin (44) . Thus, it is possible that, depending on the apoptotic stimuli, different SphK isozymes contribute to secretion of S1P from apoptotic cells.
Recently, it was suggested that apoptotic tumor cellderived S1P contributes to macrophage polarization toward a tumor-associated macrophage (TAM) M2 phenotype (45) that then contributes to the tumor cell's ability to subvert antitumor immunity and inflammatory mechanisms (54) . In contrast to M1-activated macrophages, TAMs have a reduced capacity to produce proinflammatory mediators such as TNF-␣ and instead release immunosuppressive molecules, including TGF-␤ and PGE 2 . Apoptotic cell-derived S1P also promotes cyclooxygenase-2 mRNA stabilization and protein expression in macrophages, a prerequisite for PGE 2 formation (55). Many studies have led to the suggestion that TAMs, which are a major component of the leukocyte infiltrate of tumors, may play a role in promoting tumor progression by supporting tumor cell survival and growth (56) . Although our results indicate that S1P release by apoptotic cells can provide a functional "come and get me" signal to circulating phagocytes, this S1P might also contribute to macrophage polarization and survival (44, 45) . These actions of S1P might have implications for a variety of human diseases besides cancer, including autoimmunity and inflammation.
